Background: Previous studies support beneficial effects of both resistance exercise training (RT) and caloric restriction (CR) on skeletal muscle strength and physical performance. The goal of this study was to determine the effects of adding CR to RT on single-muscle fiber contractility responses to RT in older overweight and obese adults. Methods: We analyzed contractile properties in 1,253 single myofiber from muscle biopsies of the vastus lateralis, as well as physical performance and thigh muscle volume, in 31 older (65-80 years), overweight or obese (body mass index = 27-35 kg/m
Age-associated loss of skeletal muscle strength and power leads to increased risk of impaired mobility and disability in advanced age (1) . Single fibers from nonhuman primates and humans are slower and weaker (2) (3) (4) , show improvements in contractile properties (5) , or no changes (2) with aging. Currently, exercise training is the only intervention known to consistently improve muscle mass, strength, and power, and overall physical function in older adults (6) (7) (8) (9) ). Yet, the few studies that examined single-fiber contractile responses to resistance training (RT) in older adults are inconsistent. Most of these studies show an overall improvement in single-fiber force and power with RT (10) (11) (12) (13) (14) , though some data suggest the oldest adults exhibit a limited response at the myofiber level (15, 16) .
Aging is also characterized by changes in body composition including muscle mass loss and accumulation of adipose tissue (myosteatosis), which can further exacerbate functional decline with age (17) . We recently showed that, compared to older adults with a normal body mass index (18.5-24 .9 kg/m 2 ), those who are obese (body mass index > 30 kg/m 2 ) have greater intramyocellular lipid content which correlated with impaired single-fiber contractile function (18) . Thus, improvements in single-fiber contractile force and power with RT may be blunted in older adults with obesity, and intervening on myosteatosis by adding caloric restriction (CR) to RT may result in further improvements in myofiber contractility for the older obese population. In fact, we previously reported that RT improved physical function and body composition associated with reduced thigh fat in obese older adults, while those with higher initial adiposity experienced less improvement (19) .
Previous studies show that CR without malnutrition results in a dramatic change in the human skeletal muscle transcriptional profile that resembles that reported for younger individuals (20) . CR also attenuates age-dependent progressive functional decline in various organs, peripheral nerve damage, loss of muscle mass, abnormalities in the electron transport chain, and the onset of age-related diseases such as cancer, diabetes, and Alzheimer's disease (21) . Although evidence suggests that CR has multiple beneficial effects on skeletal muscle function in rodents (22) (23) (24) , whether it improves single-fiber muscle function in older adults with obesity is unknown.
Measurements of single-muscle fiber function provide a unique approach to begin to address whether CR further enhances myofiber contractility induced by RT in a fiber-type specific manner (18) . This study tested whether adding CR to RT further enhances improvements in contractile properties of fast-and slow-myofibers from obese older adults. We also examined the relationships between physical function and single myofiber contractility before and after these interventions.
Materials and Methods

Participant Characteristics and Study Design
We analyzed single myofiber contractile properties recorded ex vivo from muscle biopsies of the vastus lateralis in a subset of 31 participants (19 men, 12 women) from the larger Improving Muscle for Functional Independence Trial (IM FIT) (19) . The IM FIT study (clinicaltrials.gov; NCT01049698) was a randomized controlled trial designed to determine whether CR enhances improvements in body composition and physical function in response to RT in older (65-80 years) overweight and obese (body mass index = 27-35 kg/ m 2 ) men and women. All participants, including those from this ancillary study, were randomly assigned equally to a standardized, progressive RT intervention with CR (RT+CR; n = 15) or without CR (RT; n = 16) for 5 months. The study was approved by the Wake Forest School of Medicine Institutional Review Board and all participants provided written informed consent to participate.
All participants in the study underwent 5 months of RT 3 days/ week on weight-stack resistance machines (Cybex International and Nautilus) at the Wake Forest University Clinical Research Center exercise facility as previously described (19) . Two exercise interventionists supervised the training sessions and ensured that participants adjusted the equipment appropriately and performed the exercises safely. Participants performed an initial 5-minute warmup by walking or cycling at a slow pace followed by light stretching and concluded each session with a 5-minute cool down and light stretching. The protocol involved a gradual progression of weight and repetitions during the first month to allow familiarization with the equipment, minimize muscle soreness, and reduce injury potential. The maximal weight that a person could lift with the correct form in a single repetition (1RM) was used to prescribe intensity. The training goal was to complete three sets of 10 repetitions for each exercise at 70% 1RM for that specific exercise. Participants rested ~1 minute between sets. Resistance was increased when a participant was able to complete 10 repetitions on the third set for two consecutive sessions. Strength testing was repeated every 4 weeks, and training loads were adjusted to be consistent with the 70% 1RM goal. The exercises performed included: Leg Extension, Leg Curl, Leg Press, Seated Row, Chest Press, Biceps Curl, Triceps Extension, and Latissimus Pulldown.
Participants assigned to RT only were instructed to follow a eucaloric diet, whereas those assigned to RT+CR underwent a dietary weight-loss intervention designed to elicit moderate weight loss (5%-10%) as described (19) . This intervention incorporated meal replacements, nutrition education, and dietary behavior modification advice via weekly meetings with the study's registered dietitian that took place either before or after one of their exercise sessions. Each participant was assigned a daily caloric intake to follow, which was derived from subtracting 600 kcal from his or her estimated daily energy needs for weight maintenance. A maximum of two meal replacements per day (shakes and bars; Slim-Fast Inc.) that contained ~220 kcal with 7-10 g protein, 33-46 g carbohydrates, 1.5-5 g fat, and 2-5 g fiber were provided to participants for breakfast and lunch. Dinner and snack options were recommended by the registered dietitian in accordance with each participant's daily caloric goals and tailored to allow for individual preferences for various food items. Participants were asked to keep a diet log of all foods consumed, and the logs were monitored weekly by the registered dietitian to verify compliance with the weight-loss intervention.
Specific inclusion and exclusion criteria, procedures for vastus lateralis muscle biopsy, and methods to measure physical function and thigh composition (via computed tomography) have been described previously (19, 25) . Single-muscle fiber experimental setup and solutions were described before (2) and a brief description is included below. Data from a different group of IM FIT participants have been included in previous publications (18, 26) .
Single-Fiber Physiology Tests and Experimental Protocols
All measurements were conducted at 15°C, and temperature was continuously monitored by a thermocouple inserted into the experimental chamber. Although this is not a physiological temperature, most previous studies have been recorded in these conditions. All functional data were collected and analyzed using a personal computer and a data acquisition board (Model 600A Digital controller, Aurora Scientific, Aurora, Ontario). A slack test was used to determine the unloaded shortening velocity (V o ). In this procedure, permeabilized fibers were transferred to activating solution (pCa: 4.5) and once peak force was attained (monitored by real-time digital oscilloscope), subjected to a rapid slack step (≤20% of fiber length [FL] within 1 ms). The procedure was repeated at different slack lengths, and the times required for tension redevelopment were plotted versus the corresponding slack distances. A straight line was fit by least-squares linear regression, and the slope of the regression line, normalized to FL, defined V o . It should be noticed that myofiber permeabilization bypasses the physiological excitation-contraction mechanism and muscle fiber activation evoked by nerve stimulation.
After the slack test, the force-velocity relationship was generated by performing a series of isotonic contractions of the muscle fiber. Briefly, the muscle fiber was placed in activating solution (pCa: 4.5) and after reaching peak force, subjected to a series of three isotonic steps varying from 3% to 80% of P o . After the last step, the fiber was rapidly (<1 ms) slackened by 20% of its length, which zeroed the force transducer, providing a baseline for force measurement.
Step duration was less than ~100 ms. Shortening velocity and force were obtained as averages over the final half of each step. Velocity was calculated as the slope of the position recorded over the same time period. Five to six series of three isotonic contractions were used to establish a force-velocity relationship.
The Hill equation was fitted to the data using an iterative nonlinear curve-fitting procedure to draw the force-power relationship. The following parameters were used to describe the hyperbolic fit to the data: V max (the velocity extrapolated to a force of zero), P o (average force obtained during the trial), and a/P o (a parameter describing the curvature or shape of the force-velocity relationship). V max was normalized to FL. a/P o is a dimensionless parameter. Peak power was calculated from these three parameters, and expressed as W/L fiber. In all contractions, Ca 2+ -activated force was measured using the transducer zero signal as a baseline. Forces were normalized to the fiber's cross-sectional area (CSA) to obtain specific force.
Quality control was performed as described (2) . Fibers were excluded from analysis if force declined more than 5% or if they broke or showed partial myofibrillar tearing at any observation timepoint in the experimental protocol. Experiments were excluded from analysis if compliance, defined as displaced axis-intercept of the slack test plot, exceeded 5% of FL and if the r 2 of the force-velocity regression was less than .98.
Assessment of Fiber Myosin Heavy-chain Isoform
At the end of each functional experiment, the single-fiber segment was removed from the test apparatus and stored in 20 µL of sodium dodecyl sulfate sample buffer (containing 62.5 mM Tris pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, 5% betamercaptoethanol, and 0.001% bromophenol blue) at −80°C. Later, fibers were denatured for 5 minutes at 95°C. To determine the myosin heavy-chain composition of the fiber segment, a sample of the fiber solute, equivalent to that tested for contraction, was run on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis system that consisted of a 6% separating gel and a 4% stacking gel (acrylamide:bisacrylamide = 37:1). The gels Note: Change relative to baseline within groups: *p < .05; **p < .01. Muscle quality was calculated as the ratio of knee extensor peak torque to lean mass assessed by using dual-energy x-ray absorptiometry (in Nm/kg leg mass) as reported (19) . BMI = Body mass index; CR = Caloric restriction; CSA = Cross-sectional area; CT = Computed tomography; FL = Fiber length; RT = Resistance training; SPPB = Short physical performance battery.
contained 30% glycerol to improve separation of myosin heavy-chain isoforms. Electrophoresis was carried out at as described (2, 18) .
Six percent of all fast fibers were hybrid (IIa/IIx), being IIa the predominant myosin heavy-chain isoform in 96% of the cases. Due to the small percent, hybrid muscle fibers were not included in the analysis.
Statistical Analysis
All analyses were performed using SAS 9.4 (Cary, NC). Baseline measures and changes in body mass, thigh composition, physical function, and type-I and type-II CSA and muscle fiber contractile function were described as mean and standard deviations by intervention groups. Statistical analyses were based on average values taken for each participant. Student t test was used to evaluate changes within groups and compare between groups measures at baseline and changes. Analysis of covariance was used to compare group differences for CSA and muscle fibers contractile function adjusted for gender and baseline measures. We calculated Spearman's correlation coefficients of baseline measures and changes among type-I and type-II CSA and muscle fibers contractile function, and body composition and physical performance, overall and by gender. Spearman correlations were used because data failed tests of normality. Despite the large number of muscle fibers analyzed, we did not adjust for multiple comparisons due to the relatively low sample size, as well as the exploratory nature of these analyses.
Results
Participant Characteristics, Physical Function, Thigh Composition, and Single-fiber Contraction Properties at Baseline and Changes With Intervention Table 1 shows unadjusted values at baseline, and changes relative to baseline within groups. Body weight and total thigh fat volume decreased more in the RT+CR than RT group. Relative to baseline, both interventions increased absolute and normalized knee extension strength, but differences between groups were not significant (Table 1) . Although participants were highly functional at baseline, the total short physical performance battery (SPPB) score significantly improved with both interventions, with no group difference in the magnitude of improvement (Table 1) . Of the individual SPPB sub-scores, chair rise time significantly improved with both RT and RT+CR (no difference between groups), 4-m usual gait speed improved with RT+CR but not RT alone (no difference between groups), and balance scores did not change with either intervention (however, these scores were close to near perfect at baseline). RT decreased type-I, but not type-II, muscle fiber CSA; however, the difference between interventions was not significant. Adding CR to RT did not enhance these improvements in single-fiber contractile properties. Significant changes in type-I fiber CSA, force, normalized force, and type-II fiber force and power induced by RT exhibited no significant change or a reduction in significance when CR was combined with RT.
Both Interventions Increased Single-fiber Contractile Properties
Both interventions evoked an increase in normalized force in type-I fibers. However, these improvements in single-fiber force were not different between intervention groups (Table 1 ). In addition, there were no significant differences in single-fiber CSA and contractile properties between intervention groups, after adjusting for baseline measures and gender (Table 2) .
Baseline Correlations Between Physical Function, Thigh Composition, and Single-fiber Contractile Properties in All Participants
Data in Table 3 show that all of the baseline type-I, and most of the type-II contractile properties, exhibit inverse correlations with SPPB. However, gait speed at baseline was positively correlated with most of Type-I contractile properties and Type-II fiber power (ie, faster gait associated with better contractile function). Thigh muscle volume correlated positively with type-I fiber and type-II fiber force (Table 3) .
Baseline Correlations by Gender
In females, there was a significant positive correlation between baseline gait speed and type-I fiber power (r = .665; p = .026), while Note: CSA = Cross-sectional area; FL = Fiber length.
leg extension strength correlated positively with type-I fiber CSA (r = .629; p = .028). Leg extension strength also correlated positively with type-II fiber force (r = .709; p = .022) and velocity (r = .636, p = .048). Male 400-m walk time correlated negatively with type-I fiber power (r = −.560; p = .016).
Correlations Between Changes in Type-I and Type-II Fiber Contractile Properties and RT-or RT Plus CR-induced Changes in Physical Function and Thigh Composition
We next examined whether physical function and thigh composition responses to RT and RT+CR correlated with changes in myofiber contractile properties with the interventions. We found that RT-induced changes in leg extension strength correlated positively with type-I, but not type-II, fiber power (r = .657; p = .020; Figure 1A ), while changes in total thigh fat volume negatively correlated with changes in type-II fiber force with RT (r = −.691; p = .019; Figure 1B ). Within the RT+CR group, changes in gait speed correlated positively with changes in type-I fiber CSA (r = .561; p = .030; Figure 1C ), indicating that improvements in gait speed with RT+CR are associated with a smaller decrease in type-I fiber CSA. In addition, changes in thigh muscle volume directly correlated with changes in type-I fiber CSA (r = .657; p = .008) with RT+CR, and increases in type-I normalized fiber force were inversely correlated with changes in thigh intermuscular fat volume (r = −.539; p = .038; Figure 1D ). No significant correlations were found between changes in function and thigh composition and changes in type-II fiber properties with RT+CR.
Discussion
This work analyzed for the first time the effects of adding CR to RT on single muscle fiber contractile properties in older men and women with obesity. Since adiposity is associated with disability risk (27, 28) , we tested the hypothesis that CR-evoked fat loss further enhances RT-induced improvements in myofiber contractile properties. We used a randomized design to analyze the effects of both interventions on myofiber contractile properties, both within and between groups. The analyses showed that both interventions similarly increased type-I and type-II fiber force since there were no differences between groups. We also found cross-sectional associations of both physical function and thigh composition with myofiber contractility. Type-I fiber force, velocity, and power positively correlated with gait speed, while fiber-I force correlated with muscle volume. Type-II fiber power correlated with gait speed, and type-II fiber CSA, force and power correlated with leg press. Type-II fiber CSA, force and power correlated with knee extension strength, while type-II fiber CSA and force correlated with thigh muscle volume. The analysis by gender also showed baseline correlations between type-I and type-II fibers and physical function (data not shown).
We previously showed that greater intramyocellular lipids are associated with slower myofiber contraction, force, and power development in obese older adults, providing a rationale for our hypothesis that a decrease in intramyocellular lipids would contribute to effects of RT on myofiber contractility (18) Here, we found that thigh fat volume decreased with both interventions, changes in thigh fat volume with RT+CR directly correlated with changes in type-I fiber CSA, and increases in type-I fiber force with RT+CR correlated negatively with changes in thigh intermuscular fat volume, which may account for the increase in knee extension strength despite the associated decrease in thigh muscle volume. However, contrary to our expectations, a further decrease in thigh fat induced by CR did not augment improved single muscle fiber contractility with RT. These results are also consistent with the physical function data recorded in this subset and the entire cohort (19) .
The force generation capacity of myofibers declines with aging in humans and nonhuman primates (2), but RT benefits human muscle function (13, 15, 16) , while CR has been shown to prevent declines in muscle force with aging in rodents (22) . RT improves single-fiber contractile force in nonobese (12, 13, 29) , and obese older adults (30) . An important question then is how RT improves single muscle contractile properties in older adults. We previously showed that RT enhanced skeletal muscle innervation in another subset of IM FIT participants (26) . Improved knee extensor strength in participants of the same study was associated with changes in muscle-specific miRNAs in muscle and plasma (31) . We also previously reported that TNNT1 alternative splicing (AS) 1, AS2 and the AS1/AS2 ratio are potential quantitative biomarkers of skeletal muscle adaptation to RT in older adults, and that their profile reflects enhanced single-fiber muscle force in the absence of significant increases in fiber cross-sectional area (30) . This finding could be associated with changes in single-fiber calcium sensitivity (32) . Additionally, RT in young and old subjects can change the velocity of the myosin molecule tested by the in vitro motility assay (33) .
Much less is known about how CR improves muscle function. Different CR regimens applied to rodents proved to be beneficial on whole muscle contraction properties (22, 23) . Proposed mechanisms mediating these effects include improved excitation-contraction coupling (24, 34) and mitochondrial proton leak (35) . The role of CR, IGF signaling, sirtuins, and protein intake in maintaining muscle mass and metabolism across ages in animals and humans has been amply discussed in the literature (21) , but their role in specific contractile properties of skeletal muscle fiber is unknown.
The reason for the lack of a significant difference in single-fiber contractility or physical function improvements between groups, despite the more pronounced loss in thigh fat in RT+CR than RT alone, is uncertain. The relationship between the amount of muscle fat, strength and mobility is complex. Since intramuscular fat content may be inversely related to daily physical activity in older adults, the correlation in Figure 1D may be a function of individual differences in physical activity that affects muscle fat content (36) . Whether RT and CR influence different muscle fat pools or RT benefits muscle function in older adults through mechanisms other than controlling myosteatosis needs to be examined. CR is thought to stimulate basal autophagy (37) (38) (39) , which is reduced in aging (40) , whereas RT activates signaling pathways (mTOR) (41) that are linked to inhibition of autophagy (42) . Perhaps the lack of an additive effect is related to these antagonistic actions.
In summary, we found that both RT and RT+CR improved myofiber contractility, and that improvements in myofiber force in type-1 fibers in the RT+CR group correlated with decreases in thigh intermuscular fat. However, CR did not further improve the benefits of RT on myofiber contractile properties in older adults with obesity. Whether the amount and/or duration of CR was insufficient to counter chronic deleterious effects of myostatosis on muscle function is unknown. This concept should be tested with more prolonged or intense CR regimens.
Conclusion and Limitations
To our knowledge, this is the first study to investigate the effect of CR and RT in obese older adults on myofiber contractility properties and physical function. RT is a powerful intervention to improve muscle function in this population and addition of moderate CR did not contribute further benefits. Despite the smaller change in thigh muscle volume, the RT+CR group showed comparable gains in strength. Since single fiber properties do not appear to account for this effect, an explanation could be that CR+RT led to improved central activation of the muscle, probably through the reported enhanced skeletal muscle innervation (26) . Future studies including such measure are needed. Adding a control age-matched untreated group, and examining intramyocellular lipid content quantity and composition, could further enhance our understanding of the mechanisms by which obesity is associated with declines in muscle function with aging.
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